A fundamental goal of sociobiology is to explain how complex social behaviour evolves 1 , especially in social insects, the exemplars of social living. Although still the subject of much controversy 2 , recent theoretical explanations have focused on the evolutionary origins of worker behaviour (assistance from daughters that remain in the nest and help their mother to reproduce) through expression of maternal care behaviour towards siblings 3, 4 . A key prediction of this evolutionary model is that traits involved in maternal care have been co-opted through heterochronous expression of maternal genes 5 to result in sibcare, the hallmark of highly evolved social life in insects 6 . A coupling of maternal behaviour to reproductive status evolved in solitary insects, and was a ready substrate for the evolution of worker-containing societies 3, 4, 7, 8 . Here we show that division of foraging labour among worker honey bees (Apis mellifera) is linked to the reproductive status of facultatively sterile females. We thereby identify the evolutionary origin of a widely expressed social-insect behavioural syndrome 1, 5, 7, 9 , and provide a direct demonstration of how variation in maternal reproductive traits gives rise to complex social behaviour in non-reproductive helpers.
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Worker honey bees change the tasks that they perform with age 10 . This behaviour results in a division of labour that is age-associated 11 . Workers usually make a transition from working in the nest to foraging in their second or third week of life 12 , and foragers often specialize in collecting nectar or pollen. Recent studies have identified a suite of traits that differ between nectar and pollen foragers 9 . These traits are affected by a pleiotropic genetic network 13 , and it has been suggested that this pleiotropy can be explained if a reproductive regulatory network was co-opted by natural selection to differentiate the foraging behaviour of the facultatively sterile workers 7 . This hypothesis emerged from studies of honey bees that were selected to collect and store high (the high-hoarding strain) or low (the lowhoarding strain) amounts of pollen 14 . Traits of the strains diverge, so that high pollen-hoarding bees switch from nest tasks to foraging earlier in life, and are more likely to collect pollen and carry larger pollen loads. Bees from the high pollen-hoarding strain are more likely than bees from the low pollen-hoarding strain to collect water and nectar with low sugar concentration, and at emergence they have higher haemolymph (blood) levels of juvenile hormone and vitellogenin protein 7 . Pollen foraging is a maternal reproductive behaviour in solitary bees, and non-reproductive females feed mainly on nectar 15 . Elevated juvenile hormone levels cause physiological and behavioural changes during the reproductive maturation of many insects 7, 16, 17 , and vitellogenin is a conserved yolk precursor synthesized by most oviparous females 18 . Therefore, the evidence from pollen-hoarding strains suggests that nectar-foraging bees display a non-reproductive phenotype, whereas pollen foragers display the ancestral maternal character state of solitary species 7 . As a consequence, the foraging division of labour between worker bees would be derived from variation in maternal reproductive traits. Validation of this hypothesis, however, requires the demonstration of a relationship between the reproductive status and the foraging behaviour of honey bee workers 7 . We addressed the debate on the origin of complex social behaviour by first inspecting the number of ovarioles (egg-forming filaments in the ovary) in newly emerged workers from the previously examined 7 high and low pollen-hoarding strains. Developmental differentiation of ovariole number 19 is influenced by endocrine regulatory networks that during the adult stage are responsible for modulation of maternal reproductive behaviour in insects 7, 20, 21 . Ovariole number is, moreover, a recognized marker of reproductive potential in the honey bee 22 , as well as in the well-studied solitary insect Drosophila 21, 23 . We found that high pollen-hoarding strain workers had more ovarioles than those from the low pollen-hoarding strain (factorial analysis of variance (ANOVA), P , 0.005). This difference was independent (factorial ANOVA, P ¼ 0.72) of whether the workers were co-fostered (mean^s.e.m., 5.56^0.42 and 2.96^0.31 ovarioles for the high and low pollen-hoarding strains, respectively; n ¼ 25 per strain) or reared by their native colony (5.88^0.41 and 2.88^0.19 ovarioles; n ¼ 25). Furthermore, bees with eight or more ovarioles were exclusively found in the high pollen-hoarding strain, where they represented 26% of the sample population (Supplementary Table S1 ). We also observed that this higher number of ovary filaments was associated with a swelling of the ovarioles (Supplementary Table S1 ), which is an established indicator of previtellogenic ovarian activation 24, 25 . These results demonstrate that a regulatory system that affects female reproductive morphology, physiology, and behaviour 7, 20, 21, 26 is differentially tuned during the development of honey bees characterized by different levels of pollen hoarding.
To verify that the observed variation in ovariole number translates into functional differences in adult reproductive potential, we next introduced high and low pollen-hoarding bees into host colonies with or without a queen (the presence of a queen inhibits worker oogenesis 27 ). The experimental design also controlled for rearing environment by using workers that were co-fostered and workers that were reared in their native high or low pollen-hoarding strain colony. The bees were examined after 10-21 days. In colonies with a queen (n ¼ 6 colonies), we found that 29.5^3.6% of the bees from the high pollen-hoarding strain (n ¼ 201) had activated previtellogenic ovaries, compared with 2.6^1.8% of the workers from the low pollen-hoarding strain (n ¼ 201) (Supplementary Table S2 ). This divergence (factorial ANOVA, P , 0.005) was independent of whether the bees were co-fostered or reared by their native colony (factorial ANOVA, P ¼ 0.42). The effect of hoarding strain on the proportion of individuals with non-activated ovaries versus previtellogenic ovaries was significant in all hives (V-square test, P , 0.05). Also, previtellogenic ovarian activation was exclusively found in workers with seven or more ovarioles (Supplementary  Table S2 ). These results from mature workers (Fig. 1a) correspond with the data from newly emerged bees (Supplementary Table S1 ), suggesting that a sizable proportion of worker bees selected to collect and store high amounts of pollen emerge with an active ovarian phenotype that persists for several weeks in the presence of a fully functional queen.
In colonies without a queen (n ¼ 6 colonies), 75.8^0.1% of the high pollen-hoarding workers (n ¼ 212) had active ovaries that were previtellogenic, vitellogenic with developing oocytes, or vitellogenic with eggs (Supplementary Table S2 ). In comparison, 42.0^0.1% of bees from the low pollen-hoarding strain had active ovaries (n ¼ 212). This difference between strains (factorial ANOVA, P , 0.05) was independent of rearing environment (factorial ANOVA, P ¼ 0.94). The effect of hoarding strain on the proportion of workers with non-activated ovaries versus previtellogenic ovaries was significant in all but one hive (V-square test, P , 0.05), and out of the 48 bees with eggs, 36 were from the high pollen-hoarding strain (Supplementary Table S2 ). Eggs were found in bees with five or more ovarioles (Supplementary Table S2 ). These results demonstrate that workers selected for a high level of pollen hoarding have a functional phenotype that more frequently achieves an advanced reproductive state.
Finally, we used workers from 'wild-type' colonies (not selected for pollen hoarding) to test whether the trait-associations that characterize the high and low pollen-hoarding strains are present in the general population. Wild-type bees were marked at adult eclosion and later captured at presumably their first foraging flight (n ¼ 551). The nectar-and pollen-loads of the workers were quantified, and ovariole number was determined by dissection of those bees (n ¼ 314) that carried measurable amounts of nectar or pollen (more than 0.0005 g).
We first investigated whether an association between ovariole number and previtellogenic ovarian activation was present. Activation occurred exclusively in bees with seven or more ovarioles (Fig. 1b) , confirming our findings from the selected strains. On the basis of ovariole number, we then divided the data from the 314 workers into three groups. The first group had a mean ovariole number similar to the low pollen-hoarding strain (1-4 ovarioles, n ¼ 184), the next had a mean ovariole number comparable to the high strain (5-7 ovarioles, n ¼ 97), and the last group consisted of bees with eight or more ovarioles (n ¼ 33) (Fig. 1b) . Subsequent analysis of the data set showed that ovariole number correlated with the adult age of bees at their first foraging flight, the probability of being a pollen forager, and the nectar concentration collected by the workers (multivariate ANOVA; P , 0.00001). Worker bees with 5-7 and 8 or more ovarioles initiated foraging at younger ages than bees with 1-4 ovarioles (Fig. 2a) . Workers with 5-7 and 8 or more ovarioles were also more likely to forage for pollen (Fig. 2b) . In addition, the bees with 8 or more ovarioles collected lower nectar concentrations than workers with only 1-4 ovary filaments (Fig. 2c) . Consequently, the trait-associations of wild-type bees with the greatest number of ovary filaments corresponded precisely with those shown for the strain selected to collect and store high amounts of pollen 7, 9 . We conclude that division of foraging labour in the advanced eusocial honey bee emerges from variation in maternal care behaviour. This finding illustrates how the behavioural mechanisms of division of labour evolve from solitary ancestry, and provides an experimental demonstration of the origins of sib-care behaviour from maternal reproductive traits [3] [4] [5] 7 . The evolution of sib-care from maternal care is a critical step towards the evolution of eusociality in insects, and remains a point of substantial debate 5, 8, 28, 29 .
METHODS
Bees selected for high or low levels of pollen hoarding. Larvae from six high and six low pollen-hoarding strain queens were reared together in common wild-type nurse colonies. For workers reared by their native colony, frames with mature pupae were obtained from the same 12 sources. Newly emerged bees were collected for ovarian analysis or marked on the thorax with a spot of paint (Testors Enamel) for identification of strain and age. Marked workers were added to host colonies with or without a queen.
Wild-type bees. Newly emerged bees from four unrelated and unselected source/host colonies were mixed together to obtain a worker pool with high phenotypic variance. The bees were marked (see above) for identification of age, and each source/host colony received 400 workers from the mix. Starting five days later, the hive entrances were monitored between 9:00 in the morning and 14:00 in the afternoon, and marked bees that returned from flight were collected. Foraging load measurements. Bees were treated with CO 2 until immobile to enable quantification of pollen weight, nectar weight and nectar sugar concentration, as reported previously 30 . Quantification of ovariole number and ovarian physiology. Bees were dissected under a stereomicroscope at £40 magnification. Incisions were made dorsally, and the number of ovarioles in the right-side ovary 24 was determined at £100 magnification. The extent of ovarian activation was determined using a relative scale as described previously 24 : 1, non-activated ovary; 2, previtellogenic activated ovary; 3, vitellogenic ovary with developing oocytes; 4, mature ovary with at least one egg. Data analysis. Ovariole number and ovarian activation in bees selected for high or low levels of pollen hoarding were analysed using factorial ANOVA. Analyses were combined with Fisher's post-hoc and non-parametric V-square tests to examine the effect of strain. Foraging data from wild-type bees were analysed with multivariate ANOVA and Fisher's post-hoc test. Ovariole number (coded by group: 1-4, 5-7, and 8 or more ovarioles) and host colony were the categorical factors. The effect of host colony was used to control error variance. Pollen load was coded as a binary variable. Statistica 6.0 software was used. 
